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Abstract
Ion desorption processes control the retention of ions, such as Pb2+, at barite surfaces,
whereas ion adsorption processes are a likely initial step in the incorporation of divalent cations,
such as Sr2+ and Pb2+, into barite. Based on previous studies on samples dominated by flat
terraces with relatively few defects, Sr2+ and Pb2+ adsorb and incorporate at the barite (001)water interface (Bracco et al., 2019; Bracco et al., 2020). Here, I measured how susceptible lead
(Pb) is to desorption and the role surface variability plays in its sorption behavior. First, I
measured desorption of Pb at the barite (001) - water interface using in situ X-ray reflectivity
(XR) to understand the effects of Pb on the barite (001) surface structure and resonant anomalous
X-ray reflectivity (RAXR) to resolve the amount of sorbed and desorbed Pb. My results show
that ~50% of the sorbed lead (Pb) species desorb after reacting the barite sample with Pb free
solution (BSS) for 0.5 hr. Three additional measurements made in BSS indicate that amount of
desorbed Pb increases over time Pb-free barite saturated solution (BSS). However, even after
reacting for 12 hours, 31% of the sorbed Pb still remains. The desorption experiments suggest
that at [Pb] ≥ 225µM incorporated species are resistant to desorption. While incorporation of Pb
is a relatively fast process, the reverse process (exchange of Ba for incorporated Pb) is slow. The
incorporation of Pb within the barite surface leads to stabilization of Pb, which is partially
irreversible, further making barite an ideal host mineral for Pb sequestration.
To study how surface variability affects sorption, I then used in situ x-ray reflectivity to
measure sorption of Sr2+ and Pb2+ as a function of two parameters correlated with the number of
steps on a mineral surface: surface domain size and the Robinson roughness parameter (β). A
variety of samples were measured in situ, including cleaved samples with varying degrees of
surface roughness and samples grown in solutions supersaturated with respect to barite to create
steps on the surface. Pb2+ sorption was similar for all samples with β < 0.1. Similar analyses were
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made in the presence of Sr2+, but reacting the samples with solutions that increased the roughness
decreased the sorption as compared with freshly cleaved samples. For both ions, there was little
difference in the average position of the sorbed ions and the ratio of incorporated to adsorbed
species for all samples. Together, these results emphasize parameters such as surface roughness
and changing chemical conditions play an important role in controlling the extent of ion
adsorption at mineral surfaces, which can affect differences in sorption measured on minerals in
laboratory versus field settings.
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1. Introduction
Sparingly-soluble minerals, such as barite, are important in a variety of subsurface
geochemical environments, such as those in the oil and gas industry, and for disposal of
contaminants and/or nuclear waste. For example, in oil and gas industry barite is used as a
lubricant for drill bits in oil/gas well pipes (Johnson et al.,2017). On the other hand, due to its
insolubility, barite acts as scaling agent for oil pipe wells which limits oil/gas extraction and
studying how to dissolve barium sulfate scales chemically is relevant in oil/gas industry
applications (Dunn and Yen, 1999). The ability of barite to remove cations from ionic solutions
and to substitute for other isostructural and toxic ions makes it key constituent for the disposal of
radioactive waste. Previous experimental studies done on Ra-226 have shown that on sulfate
dominant environments barite acts as a host for this radioactive mineral due to the similar ionic
charges of Ra2+ and Ba2+ (Garner and Read, 2020).
The nature of environmental processes is widely dependent on the reactivity of
contaminant species, their temporal and spatial distribution, and the nature of mineral surfaces
(Brown et al., 1999). The reactivity and mobility of metal ions at mineral surfaces is controlled
by adsorption, desorption, incorporation, and precipitation-dissolution reactions (Sparks, 2005).
These mechanisms affect the distribution of elements such as strontium and lead. Strontium is a
trace element found in natural systems that commonly plays an important role in environmental
geochemical processes and remediation of radioactive waste (Gupta and Walther, 2018). The
study of geochemical properties such as ionic strength, pH, crystal structure and morphology,
mineral surface growth and reactivity can be used to determine sorption mechanisms at mineralwater interface (Ryan, 2020). For example, Pb speciation and accumulation in soils and
environments is affected by various chemical and physical processes such as charge, pH, types of
bonding, inner/outer sphere ion exchange mechanisms, background electrolytes, ionic strength,
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and electrostatic forces (Ryan, 2020). These complex mineral-water interfacial reactions are key
to determine the mobility of toxic metals in the environment and develop remediation methods to
limit toxic elements release into the biosphere.
1.1. Metal Interactions with Minerals
The mobility of toxic metals in the environment is known to depend on the presence of
various mineral species, including, but not limited to, Fe, Al, and Mn oxy(hydro)oxides,
carbonates, and phosphates (Ryan, 2020). The presence of oxy(hydro)oxide minerals especially
contributes to the sorption of metals such as Pb and Sr due to the high reactivity of certain oxide
minerals, which influences sorption capacity (Caporale and Violante, 2016; Ryan, 2020). Thus,
oxide bearing minerals can act as a sink for Pb and Sr. The role of inorganic ligands in metal
complexes drives ion exchange mechanisms through two different surface complexes: innersphere and outer-sphere surface complexes (Sparks, 2002).
A previous study of lead adsorption onto alumina and hematite surfaces indicates that the
geometry and orientation of (OH) groups or presence of H-bonding at the mineral-water
interfacial structure affects the affinity for Pb to adsorb onto the Al2O3 and Fe2O3 surfaces
(Mason et al., 2009). On the less reactive sites of aluminum (0001) surface ,the influence of Hbonding will decrease the strength of Pb adsorption, while on a more reactive site of hematite
(0001) surface H- bonding has little influence on Pb adsorption (Mason et al., 2009). This
experimental study suggests that metal oxide/hydroxide ions significantly influence the
sequestration and mobility of Pb onto the mineral surfaces. Surface specific X-ray analyses of
lead adsorption at three different hematite surfaces: (001), (110), and (012) suggests that lead
adsorption occurs at all three faces as inner-sphere complexes (Noerpel et al., 2016). The
reactivity of hematite surfaces is heavily dependent on the coordination of oxygen in the
uppermost layers; hematite (001) is less likely to attract Pb ions compare to (110) and (012) due
6

to the low coverage of coordinated oxygen atoms at the surface (Noerpel et al., 2016). The
authors also found pH variations influence the adsorption of Pb at the hematite surface (Noerpel
et al., 2016).
While much progress has been made on understanding the role of solution conditions on
sorption behavior, less is understood about the role of different reactive sites on ion sorption or
how likely ions are to remain sorbed when solution conditions change. The barite (001)-water
interface is an ideal system to study these processes as both ion adsorption to barite (001)
terraces (Bracco et al, 2019; Bracco et al., 2020) and the role of reactive sites on Sr impurity
incorporation has been previously studied (Weber et al., 2018).
1.2. Barite Interfacial Hydration Structure
The structure of the hydration layer at a mineral surface strongly influences sorption of
ions at a surface (Fenter, 2002). Barite (BaSO4) has an AB-type of structure where bariums and
sulfates are ionically bonded with each other (Fig. 1). The barite (001) surface has two
alternating monolayers AA’. A and A’ sublayers contain two barium and two sulfate ions and are
symmetrical through a 21 screw axis (Bracco et al., 2017; Fenter et al., 2001). The topmost layer
of the unit cell contains ions undercoordinated with respect to the bulk ions, including a sulfate
ion and barium ion at low positions (Slow and Balow) and a sulfate ion and barium ion at high
positions (Shigh and Bahigh) (Bracco et al., 2017). The ions at the high positions are more
undercoordinated than the ones at the low positions (Bracco et al., 2017). Based on XR analysis
from previous studies, there appears to be relaxation of the first four monolayers of the crystal
structure, including vertical and lateral displacement of bariums and sulfate ions at the surface
(Bracco et al., 2017). The vertical displacements of barium and sulfate ions relax in opposite
directions, contracting, and expanding bonding between Ba-O ions (Bracco et al., 2017). The
surface is coordinated by four distinct adsorbed water molecules ; depending on the positions of
7

these waters in the primary hydration structure, some water molecules coordinate with sulfate
ions only, while others with both bariums and sulfates from the bulk crystal (Bracco et al., 2017).

Figure 1. View of the (001) barite surface with adsorbed water (blue), barium (black), sulfur
(yellow), and sulfate oxygen (red) (from Bracco et al.,2017).

Analyses of the sorption behavior of Pb2+ and Sr2+ at barite (001)-water interface
demonstrates that Pb2+ and Sr2+ ions are more likely to adsorb and incorporate into the uppermost
layers of the barite (001) crystal lattice (Bracco et al., 2019; Bracco et al., 2020). Minor
distortions of the surface occur in the presence of Sr (Bracco et al., 2019), and large distortions
occur in the presence of Pb (Bracco et al., 2020). Results for Pb-barite interactions suggest the
more significant distortion at the barite uppermost layers contribute to an uncoordinated topmost
lattice structure and promotes lead ions to adsorb or incorporate into the barite crystal structure
(Bracco et al., 2020). Both adsorbed and incorporated Pb and Sr are found at the interface, and
this incorporation suggests that exchange occurs between aqueous Pb or Sr ions and barium ions
in the barite (001) surface (Bracco et al., 2019; Bracco et al., 2020). However, it is not clear by
previous studies such as Bracco at al., 2020 to what extent sorbed ions are likely to be retained
by the surface in changing conditions or how different reactive sites on the surface affect
sorption.
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1.3. Barite Surface Reactivity
High resolution X-ray reflectivity and atomic force microscopy (AFM) measurements at
freshly cleaved barite surfaces show microstructural features of island nucleation or adatom
clusters, terraces, steps and kink sites (Fig.2) (Fenter et al., 2001). Terraces are planar defects of
the crystal surface, whereas steps are line defects on a two-dimensional surface. Along these
steps are kink sites, which are ions adsorbed to steps at the surface (Frenkel, 1945; Burton et al.,
1951). Research by Godinho and A. Stack (2015) on growth rates of barite surfaces indicates that
each surface has different reactivity and growth rates. The barite (001) surface is one of the
prominent surfaces with high reactive sites compared to (210), (100), and (010). Microscopy
measurements show that growth structures, such as spiral hillocks, commonly form from screw
dislocations at the (001), which leads to the (001) surface to develop surface variability and
increasing roughness as growth progresses (Higgins et al., 2000; Pina et al., 2000; Bracco et al.,
2016b).

Figure 2. Physical – Chemical processes that take place between toxic metals such as lead ions
[Pb 2+] and sulfate minerals (BaSO4) at solid – water interface.
Cleaved barite samples also include different types of microstructural defects such as
steps, flat surfaces, and kink sites (Fig. 2) (Fenter et al., 2001). The physical roughness of the
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barite surface could promote surface reactions, such as ion substitution or attachment, (Fig. 2). A
study examining water desorption from the Pt (111) surface suggests that adsorption behavior
may be significantly increased in step surfaces compare to terraces (Dunnen et al., 2015).
According to Dunnen et al., 2015 physiochemical reactions at mineral water interface are more
likely to occur in step-induced surfaces (Dunnen et al., 2015). Adsorption and desorption
reactions have been found to be widely influenced by high solution concentration, the presence
of oxides(OH)-groups, and the hydration surface of the crystal (Bracco et al., 2019; Bracco et al.,
2019; Fenter and Lee, 2014).
While recent studies have measured the ion sorption behavior at the barite-water
interface, less is known about the dynamics of reactive sites and interaction of adsorbed ion
species with steps or defects. In this thesis, I used resonant X-ray reflectivity (RAXR) to
determine the extent of Pb desorption at barite-(001) water interface and the effect of surface
roughness on sorption mechanisms. The objective of this study is to show that most of the
adsorbed species will be removed during desorption experiments and that high surface variability
will increase the amount of sorbed species. The desorption experiments will define the stability
of lead species at the barite-water interface, and the distribution as a function of surface
roughness will establish the role of reactive sites in adsorption processes.
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2. Methods
2.1. Sample and Solution Preparation
Sample preparations and X-ray reflectivity techniques were similar to those utilized by
Bracco at al., 2017, 2019, and 2020. These experiments and sample preparations were done in
room temperature at 25⁰C and 1 atm. Briefly, barite crystals from Sichuan, China were prepared
by physically cleaving the sample along the (001) surface using a blade. The sample sizes used for
analysis were approximately 2-3 mm thick, 10-20 mm long, and 2-5 mm wide. The freshly cleaved
barite samples include a mixture of flat and step-like surfaces (Fig. 3). The barite samples were
immersed into supersaturated aqueous solution (SI=1) for 24 hours, then placed in barite- saturated
solution (BSS) for three days. Prior to mounting barite samples in the chamber of the sample cell,
they were cleaned of any remaining powder residue using N2 gas and DI water.

Figure 3. Cleaved barite (001) surface using a blade. The shape of the cleaved surface varies in
each barite sample.

Stock solutions of lead (Pb2+) at pH ~5.6 and strontium (Sr2+) were prepared using trace
metal grade (>99.99% purity) Pb(NO3)2 and Sr(Cl)2 *6H2O. Solutions containing [Pb2+] = 0, 25,
75, 225, and 450 µM were prepared by diluting a Pb (NO3)2 (0.01M) stock solution with a filtered
barite saturated solution (BSS). Barite saturated solutions (~10 µM) were prepared by adding
powdered barite into a bottle of DI water, then placed on a shaker table for ~1 month under CO2
atmospheric conditions (pH~5.6). The BSS was then filtered using a 0.1 µm pore membrane.
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The experiments on this study were designed based on the objective of the paper to study
sorption behavior at solid-water interface, which requires high intensity X-rays and limited beam
and sample size. The salt based solution Pb(NO3)2 and Sr(Cl)2 were picked to minimize the effect
of anions in the solution, which have been shown to affect barite growth (Jindra et al., 2017). Lead
solutions were allowed to react with barite crystal for ~30 min after injecting it into the
transmission cell. Solutions undersaturated and supersaturated with respect to barite were prepared
from trace metal grade (> 99.99%) BaCl2 and Na2SO4.

2.2. Sample Cells
X-ray measurements containing lead (Pb2+) solution were made in both the thin film and
transmission cells, while strontium (Sr2+) bearing solution measurements were conducted only
using the thin film cell. The thin film cell is constructed of two steel metal clamps which keeps the
sample chamber fixed. The chamber is covered with an 8-µm thick Kapton film (DuPont) and
contains 10-µm solution trapped between the mineral surface and the film (Fig. 4a). To minimize
evaporation of the (Pb) solution through the film, a Mylar plastic hood filled with humid helium
gas covered the thin film cell, in a manner to those employed in previous studies of barite (Bracco
et al., 2017, 2019, 2020). While the thin film cell was used for measurements of how surface
roughness influences Sr sorption, the transmission cell (Lee et al., 2013) was used to conduct the
lead desorption experiments. This was to prevent the concentration of the solution changing
significantly during the desorption process. Based on previous measurements of the amount of Pb
that was sorbed to the surface (Bracco et al., 2020), if all of the sorbed Pb from the surface was
released into solution, the concentration of the solution in the transmission cell would only increase
by 0.1 μM.
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4 (b)

4 (a)

Figure 4. (a) X-ray thin film cell used for Sr sorption studies of the barite (001) water- interface,
and (b) X-ray flow-through transmission cell used for desorption studies of Pb at the barite
(001).

The transmission cell was composed of the cell body which is a Teflon block with
dimensions 70 mm (vertical) x 70 mm (horizontal) x 15 mm (thickness) (Fig. 4b). Once a single
barite crystal was mounted in the center of the block opening, both sides are sealed with two
Kapton films (~0.1 mm thick) then secured with a 3 mm thick steel metal rim. The Teflon cell
body has 3 ports, two are on the side of the cell body from which the solutions can flow, and the
other one is located on top of the cell and serves as an outlet for air bubbles from the chamber cell.
2.3. Sr Experiments
Adsorption and incorporation experiments were made at the Advanced Photon Source at
the Argonne National Laboratory located in Chicago. The thin film cell was mounted on a 6-circle
diffractometer at 13-ID-C. Crystal truncation rods (CTR) were measured to determine the
roughness and mineral surface structure. Next, the RAXR spectra were measured to provide the
element specific electron density profiles, including the amount and location of sorbed Sr at barite
(001) water-interface. Crystal truncation rod CTR data points were collected for two different Sr
concentrations, 75 µM and 225 µM. The sample was measured after exposure to different
conditions to promote surface growth or dissolution.
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The freshly cleaved barite sample was first measured at Sr = 75 µM and 225 µM in BSS at
pH~5.6. RAXR measurements were made at (Q)-fixed values by scanning X-ray K absorption
edge for Sr2+ (E0~16.1 keV). After reacting the sample with 225 µM strontium solution, the sample
was flushed with DI water then with 1M HCl solution at pH~2, then the sample was reacted with
225 µM strontium in BSS for 2 hours. The process was then repeated with pH = 1 rather than pH
=2 solution. Then, I injected a supersaturated barite solution (SI=1.1, where SI = log({Ba2+}{SO4 2 }/Ksp), Ksp = 10-9.98) into the thin film cell and then remeasured the sorption in the presence of
[Sr2+] = 225 µM. In the second to last set, the sample was then flushed with 25 µM Pb(NO3)2 prior
to measuring again in the 225 µM Sr solution. Lastly the sample was reacted with a pH = 0 HCl
solution for 30 minutes and then reacted with the 225 Sr µM solution for 2 hours prior to a final
measurement. Almost all of the Sr was in the divalent form (Table 1).

2.4. Pb Experiments
Desorption experiments were conducted using an X-Ray transmission cell, which contains
a larger volume of ~3mL solution. RAXR signals were measured in BSS with Pb from low to high
concentrations at 11 distinct locations by scanning X-ray photon energy near the X-ray L-III
absorption edge for Pb2+ (E0~13.05 keV). RAXR signals were measured in [Pb] of 25 and 450 µM
at a freshly cleaved barite sample. Another sample was prepared by growing the surface in a
supersaturated solution (SI = 1) and then the RAXR signals were measured at [Pb] = 0, 75, 225,
450, followed by three more measurements in barite saturated solution with no added Pb(NO3)2 at
2, 6, and 12 hours post-reaction with Pb. The majority of the Pb was in the divalent form (Table
1).
Table 1: pH, Eh, concentration of divalent Pb or Sr, and percentage of the Sr or Pb that was in the
divalent form for the experiments with added Pb or Sr.
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[Pb or Sr]

pH

Eh

{Pb 2+ or Sr2+}
M

% divalent
species

75 μM Pb
225 μM Pb
450 μM Pb
225 μM Sr

5.6
5.5
5.4
5.7

12.8
12.9
13
12.9

7.38E-05
2.20E-04
4.47E-04
2.23E-04

98.28%
98.21%
97.92%
99.99%

2.5. X-ray Reflectivity Measurements
Non-resonant specular X-ray reflectivity (XR) and resonant anomalous X-ray reflectivity
(RAXR) were collected to determine the mineral-water interfacial structure and ion sorption of the
(001) surface. Calculated X-ray transmission cell measurements for the adsorption solutions were
made at a vertical beam size 50 ×500 µm, whereas desorption experiments with Pb were conducted

at a beam size 100 × 500 µm. The maximum number of the spots I could scan on the sample was

dependent on the beam size and the distance the sample translational motors could move (5 mm
in x and y), therefore we could typically only access 11 distinct spots on the surface. Specular XR
data was obtained as a function of momentum transfer (Q) at the energies Eo= 17 keV (Pb) and

Eo= 13 keV (Sr). The Q is determined based on the angle that incident X-rays make with respect
to the surface of the sample (Fenter, 2002).

λ= X-ray wavelength

(𝐸𝐸𝐸𝐸. 1)

𝑄𝑄 =

4𝜋𝜋 sin(2𝜃𝜃/2)
𝜆𝜆

2θ = scattering angle

The resonant anomalous X-ray reflectivity (RAXR) was measured at fixed Q values. In situ
specular XR measurements were made using a Newport general purpose kappa six (4+2) circle
diffractometer with a double crystal monochromator (Si-111) (Fig. 5). A Dectris Pilatus 100K
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pixel array detector was utilized for the data acquisitions. Ion sorption behavior was determined
by fitting the amplitude and the phase of the RAXR spectra. The amplitude corresponds to the
extent of the ions at the surface, whereas the phase is related to the relative position of the ions.

Figure 5. Newport general purpose kappa six (4+2) circle diffractometer with a double crystal
monochromator (Si-111).

2.6. Data Fitting
The XR and RAXR data fitting procedure was similar to that employed by Bracco et al., (2017,
2019, 2020). Model fits to the collected data were optimized by using a least square fitting routine.
(𝐸𝐸𝐸𝐸. 2)

𝑋𝑋2 =

Np= number of parameters that fit the data

𝑅𝑅𝑖𝑖 − 𝑅𝑅𝑐𝑐
1
�(
)
𝜎𝜎𝑗𝑗
(𝑁𝑁 − 𝑁𝑁𝑝𝑝) 𝑖𝑖

N= total number of the data points
Ri, Rc = measured and calculated intensities/reflectivity’s for the ith data point
σi = measure uncertainty for the ith data point.

The barite surface structure was previously determined by Fenter et al., 2001 and Bracco et al.,
2017 using XR. The (001) surface plane contains two alternating monolayers (A-A’ ) in a unit cell
with a surface area of 48.49 Å2 (AUC=48.49 Å2) and a step height of ~3.6 Å. For model fitting,
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barium (Ba2+) and sulfate (SO42+) ions in the four topmost layers of barite were allowed to move
vertically from their bulk lattice positions (Δz Ba, Δz SO4). The interfacial water and the bulk
water structure profiles were modeled based on the series of Gaussian peaks. Each water layer has
a fixed distance (dwater) from the first layer z position (z0) with a vibrational amplitude (u0). The
Gaussian function is defined by its coverage (H2O/AUC), position (Δz), and rms-width (u).
(Eq. 3)

uwater = [u02 + (n-1)ubar2]1/2

n= index layer
u 0=vibrational amplitude for the first layer (z0)
u bar=rate of the vibrational amplitude (distance from each successive layer)

The resonant anomalous X-ray reflectivity was measured as a function of the photon energy
at fixed Q near the absorption edges of Pb and Sr. The resonant structure factor is dependent in the
anomalous dispersion terms, f′ and f″, and the energy-dependent partial structure factor (Eq. 4)
(Lee et al., 2013).
(Eq. 4)
f” = imaginary term

FR(q,E)= (f’ (E)+f”( E) )∫ 𝜌𝜌𝑅𝑅 (𝑧𝑧) exp (𝑖𝑖𝑖𝑖𝑖𝑖) 𝑑𝑑𝑑𝑑

f’= real term
𝜌𝜌𝑅𝑅 = Q- dependent partial structure (constant)
The energy-dependent anomalous dispersion terms were determined by measuring the X-ray
absorption spectrum of either a 0.1 M Pb(NO3)2 or SrCl2 solution in transmission mode, followed
by a differential Kramers-Kronig transform (Cross et al., 1998). RAXR spectra were analyzed
using model-independent (MI) and model-dependent (MD) fits. Model-independent fitting
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routine was employed to extract the amplitude (AR(Q)) and phase (ΦR(Q)) of the RAXR spectra
to determine the amount of Pb2+ or Sr2+ distributed at the (001) barite surface and the position of
Pb2+ or Sr2+ from the barite water- mineral interface. The MD was optimized by using a leastsquares fitting routine (Eq.5), where all RAXR spectra parameters were measured based on the
predicted values to determine the best fit model. This model extends to Q values beyond the data
collected for this study and is unconstrained at these extrapolated values.
Surface roughness was determined by fitting the Robinson roughness parameter (β) from
Robinson (1986) to the X-ray reflectivity (Eq.5) (Fenter, 2002)
(Eq. 5)

𝑅𝑅 = �

2
�����������������������������������������������⃗
������⃗�
�⃗ ) |𝐵𝐵(𝑄𝑄𝑄𝑄)|2 �𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹(𝑄𝑄)
� /[sin(𝛼𝛼𝛼𝛼) sin(𝑎𝑎𝑎𝑎)]𝑇𝑇(𝑄𝑄

𝑟𝑟𝑒𝑒𝜆𝜆 2

𝐴𝐴𝑈𝑈𝑈𝑈

re= radius of an electron
λ= X-ray wavelength
AUC= area of the unit cell of the mineral
αi, αe =incident and exit angles
T(Q)= X-ray transmission passing through water and Kapton film
B(Qz)=roughness factor, where (B(Qz) = (1 − β)/(1 − βeiQc)
Ftot(Q)=Total structure factor
Variations in the β parameter arise from the terrace height of the minerals surface. Each terrace
will differ in height by a single unit cell. Vertical relaxations of the unit cell were calculated
using the equation 6:
(Eq. 6)

𝑐𝑐

( )(
2

1

𝛽𝛽 2

1−𝛽𝛽

)
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c=spacing between the layers
β- roughness parameter
The surface domain size (average step spacing) was calculated by measuring the lateral width of
the reflected beam at the first midzone by quantifying the width of the line scan (Δ2θ) on the
detector at a given Qz and is based on the relation D// ∼4π/(Qz × Δ2θ) (Fenter et al., 2001; Fenter,

2002). Higher step spacing indicates a smoother surface, whereas a smaller step spacing
indicates a rougher surface.
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3. Results & Discussion
3.1. Pb Sorption Behavior
The collected resonant anomalous X-ray reflectivity measurements (RAXR) and nonresonant specular crystal truncation rods (CTR) were utilized to determine the relative amount of
sorbed Pb2+ that is susceptible to desorption in the employed experimental conditions. Structural
models were fit to my CTR results to determine the total electron density (ED) profile to determine
if there are differences in structure in different conditions (Fig. 6-8).

Figure 6. Electron density profile showing barite (001)-interface structure. The ED profile
illustrates how the bulk solid, barite (001)- interface, and bulk Pb solution are distinguished
from observing the peaks. This figure also illustrates where the sorbed species is located in the
ED profile.

The barite surface is more distorted in [Pb]aq = 450µM (Figs. 7) than at lower
concentrations such as [Pb]aq = 225 µM (Figs. 6, 7) and 75 µM (Fig.7), which appears to be
consistent with previous findings (Bracco et al., 2020). Based on my RAXR measurements, at
lower Pb concentrations, [Pb]aq ≤ 225 µM, the presence of incorporated species is favored as
compared to adsorbed ions, which have an average position of 0.3-0.6 (e-/Å3) (Fig. 8). At high
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concentrations (Fig.7), [Pb]aq ≥ 225 µM, two species are present – an incorporated and an adsorbed

species, which are consistent with previous results (Bracco et al., 2020).

Figure 7. Shift from adsorption to desorption: Total electron density derived from the CTR best
fit model, and the Pb specific electron density profile derived from the RAXR best fit model. The
band for the Pb specific electron density corresponds to the 1σ uncertainty of the fit. Data
collected at [Pb]aq = 75, 225, 450, 0 (0.5 hr) µM.
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Figure 8. Total electron density derived from the CTR best fit model, and the Pb specific
electron density profile derived from the RAXR best fit model. The band for the Pb specific
electron density corresponds to the 1σ uncertainty of the fit. Data was collected at [Pb]aq = 450,
0 (0.5hr), 0 (2hr), 0 (6hr), 0 (12 hr) μM.
To determine the potential extent of desorption, I measured Pb sorption at [Pb]aq = 225 µM
and 450 µM as two baseline values. These values were chosen because in prior work Pb sorption
was not found to significantly increase at concentrations greater than 450 µM (Bracco et al., 2020).
The data was analyzed using model-independent (data points) and model-dependent (line) analyses
(Fig.11-13). Model-independent analyses provide information on the relative amount of Pb present
at the surface based on the amplitude (AR) variations, and the location of Pb species (incorporated
and/or adsorbed) based on the phase (ΦR) variations. The amplitude of the model independent
results as Q approaches 0 is an estimate of the extent of Pb sorption and variations in amplitude as
a function of Q suggest the presence of different species. The phase of the model independent
results as Q approaches 0 is an estimate of the height of the Pb species. For both concentrations at
[Pb]aq = 225 µM and 450 µM, there appears to be is a decrease in the amplitude as a function of
Q, indicating the presence of at least two different species of Pb. Based on the model independent
results, models can be fit to the data to resolve the positions, amounts, and rms-widths of the
different species for additional insights into the distribution of Pb. Here, the results from fitting
these models are referred to as the model dependent analyses.
Based on the model dependent analyses, at 225 µM, the amplitude of the RAXR spectrum
is ~1.1 Pb/AUC, which is equivalent to a surface concentration of 2.3 Pb/nm2. At 450 µM, the
amplitude increases to ~2.0 Pb/AUC or ~4.0 Pb/nm2 (Fig. 9). For both concentrations, there is an
incorporated and an inner-sphere adsorbed species. After these baseline measurements, the
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interface was exposed to Pb-free saturated solutions with respect to barite to measure the amount
of desorption.

Figure 9. Comparison between the model independent fits (data points) and the model dependent
(solid line). The amplitude (AR) represents the surface coverage and the phase (ΦR) with the
height of Pb sorbed species on the barite (001)surface. Data was collected at [Pb]aq = 225 μM
and [Pb]aq = 450 μM. The model dependent fit (lines) is unconstrainted at Q values greater and
less than those experimentally measured (data points).
3.2. In situ Pb Desorption
In situ RAXR measurements were made to determine the average amount of the desorbed
lead from barite (001) surface. The model- dependent and model-independent analyses for
amplitude (AR(Q)) and phase (ΦR(Q)) were used to determine the average amount and position
of lead desorbed at 8-10 distinct locations at Q = 0.27 A-1. The MI and MD fits show similar
results were observed in RAXR measurements at Q =0.54Å-1 (Fig. 10). The amplitude and phase
of the model- independent were measured as a function of Q at given concentrations (Table 2):
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Table 2: Concentrations measured as a function of Q over different amounts of times.

Figure 10. RAXR measurements at Q = 0.54 Å-1 (points) and model independent fits (lines) for
the desorption experiments. The magnitude of the signal increases from 75 to 450 μM. At (0 μM)
the magnitude of the signal decreases with increasing exposure to lead free solution.
The amplitude and phase results were averaged to predict the mean of desorption and the
uncertainty was determined from the standard deviations of the individual measurements by
propagating the errors using the Eq.7.:

𝜎𝜎= Error propagation

(𝐸𝐸𝐸𝐸. 7)

𝜎𝜎 = 𝐶𝐶 ∗ �(𝜎𝜎(𝑎𝑎)/𝑎𝑎) 2 + 𝜎𝜎(𝑏𝑏)/𝑏𝑏) 2

C- remaining concentration amount in %
a, b, c=measured variables
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𝜎𝜎(a), 𝜎𝜎(b)= standard variations for the measure variables
The amplitude AR(Q) variations as Q → 0 were used to determine the occupancy/coverage
of the Pb ions at barite (001)-water interface before and after desorption. At 75 µM, the amplitude
is less than 1 Pb/AUC, at 225 µM the amplitude increases to > 1 Pb/AUC, and at 450 µM the
amplitude value is approximately 2 Pb/AUC [AR(Q)>1 Pb/AUC] (Fig.14a). Amplitude variations
after the sample was reacted with Pb-free solutions are illustrated in Fig. 11.

Figure 11. Comparison between the model independent fits (data points) and the model
dependent (solid line). The amplitude (AR) represents the surface coverage and the phase (ΦR)
with the height of Pb sorbed species on the barite (001) surface. Data was collected at [Pb]aq =
75 μM, and [Pb]aq = 450 μM . The model dependent fit (lines) is unconstrainted at Q values
greater and less than those experimentally measured (data points).
The shape of the MI/MD profiles are significant as they suggest the presence of two
species, an incorporated species and an inner-sphere adsorbed species. At higher concentrations,
[Pb]aq = 225 µM and [Pb]aq = 450 µM, the modulations in the profile indicate that there are at least
two adsorbed/incorporated species. However, in cases where the sample was reacted with lead free
solution at [Pb]aq = 0 µM, the profile of MD/MI line tails off and the amplitude in the y-axis
decreases significantly; This suggests that only one species is present onto the surface, possibly

25

the incorporated species. Similar results were observed after the desorption experiment was
repeated on a second barite sample.
To determine the total amount of Pb at the surface, amplitude variations from MI/MD
profiles were utilized. After reaction with [Pb]aq = 225µM, the sample was flushed with DI water
and then reacted with [Pb]aq =0 µM for 0.5 hr. In these conditions, the amplitude decreases to 0.5
Pb/AUC (Fig.12). The amount of sorbed lead for the second sample also decreases over time as the
sample was flushed with lead free solution for different amount of times: [Pb]aq = 0 µM (2hr),
[Pb]aq = 0 µM (6hr), [Pb]aq = 0 µM (12hr).

Figure 12. Comparison between the model independent fits (data points) and the model
dependent (solid line). The amplitude (AR) represents the surface coverage and the phase (ΦR)
with the height of Pb sorbed species on the barite (001) surface. Data was collected at [Pb]aq =
225 μM, and [Pb]aq = 0 (0.5hr) μM. The model dependent fit (lines) is unconstrainted at Q
values greater and less than those experimentally measured (data points).
For the second sample, the sample was reacted with barite saturated solution for 2 hours,
and the amplitude decreases to AR(Q) ~0.7 Pb/AUC. Amplitude continued to decrease with
increasing exposure to Pb free solution (0 µM) (Fig. 13). At [Pb]aq = 0 µM (6hr) the amplitude
continues to decrease gradually to AR(Q) ~0.5 Pb/AUC. After 12 hr, the amplitude decreases to ~
0.3 Pb/AUC.
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Figure 13. Comparison between the model independent fits (data points) and the model
dependent (solid line). The amplitude (AR) represents the surface coverage and the phase (ΦR)
with the height of Pb sorbed species on the barite (001) surface. Data was collected at [Pb]aq =
450, 0 (2hr), 0 (6hr), 0 (12 hr). The model dependent fit (lines) is unconstrainted at Q values
greater and less than those experimentally measured (data points).
Approximately 55% (±9) of Pb is removed after exposure of Pb-free solution, and in the
second sample ~ 43 % (±9) of Pb is removed after reacting it for 6 hours. The amount of Pb2+
remaining is only 31 (±8) % after the sample reacted for 12 hr with BSS. Data illustrated in Fig.14
suggest that sorbed species are removed quickly, however ~1/3 of the more resistant species
remained at the surface.
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Figure 14. Amplitude at Q = 0.27 Å-1 from the MI fitting. Desorption was measured on ~8 spots
on a barite (001) sample to determine the average desorption of Pb. The amplitude decreases as
time increases.

The amount of time required to approximate the rate of desorption was extrapolated and
fitted by employing an exponential equation. Based on this plot, 147 hours would be needed to
remove all the Pb from the surface (Fig.15). This suggests that sorption of Pb into the crystal is
partially irreversible for the conditions studied.

Figure 15. Percent of Pb removed as a function of time.
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To determine which of the potential Pb species are most resistant to removal, the phase
ΦR(Q) variations at Q → 0 were examined. Phase corresponds to the height of Pb ions at the
surface. The ΦR(Q)/Q values plotted on the y-axis show the location sorbed lead at the mineralwater interface as a function of Q (x-axis) (Fig.11-13). Model independent (data points) and the
model dependent/best fit model (line) illustrate how the height of sorbed Pb species decrease over
time when exposed to Pb-free solution. The surface of the sample is defined as 0 Φ/Q(A). When
the phase is >0.1 Φ/Q(A), a greater fraction of the Pb is adsorbed inner-sphere than incorporated,
whereas at values <0.1 Φ/Q(A) the incorporated species is dominant. At [Pb]aq = 75 µM, the phase

is ~ 0 Φ/Q(A), which indicates that roughly equal fractions of incorporated and adsorbed species

are at the surface (Fig.16). At [Pb]aq =225 µM, phase increases slightly to ~0.2 Φ/Q(A). As the
concentration of lead increased to [Pb]aq = 450 µM, the phase values on y-axis increases to ~ 0.3
Φ/Q(A) (Fig. 13), suggesting that the fraction of adsorbed species increases with concentration.

Figure 16. Comparison between the model independent fits (data points) and the model
dependent (solid line). The amplitude (AR) represents the surface coverage and the phase (ΦR)
with the height of Pb sorbed species on the barite (001) surface. Data was collected at [Pb]aq =
75, 225 µM.
I also measured phase for the samples exposed to Pb free solutions. After the first sample
reacted with the barite saturated Pb-free solution for 0.5 hours, the phase decreases, which suggests
that some of the adsorbed lead may have been removed from the interface. After the second sample
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reacted with Pb-free solution for two hours, the phase is ~ 0 Φ/Q(A) (Fig. 13). After reacting with
Pb-free solution for 6 hours, the phase is still ~0 Φ/Q(A) (Fig. 13). However, after reacting the
sample with Pb-free solution for 12 hours, the phase decreases to ~ (-1) (Fig.13).This suggests
adsorbed species were preferentially removed from the surface, although a considerable fraction
of incorporated species remained on the surface.
Overall, analyses of the amplitude of the model independent and model dependent results
suggest the amount of Pb at the surface correlates with the level of solution concentrations exposed
to that interface. The analyses from phase profiles suggest that more adsorbed and incorporated
species are present compare with lower Pb concentrations or lead- free solutions. The phase
profiles illustrate the apparent desorption of most adsorbed species and some incorporated ones,
indicating that adsorbed lead is more likely to be removed from the surface as compared to the
incorporated Pb species.
3.3. Effect of Roughness on Barite (001)
In a previous study by Bracco et al., 2019, four different barite samples were exposed to
Sr under the same conditions and concentrations (Fig.17). All the samples showed an apparent
increase in amplitude as concentrations increased, however there was significant variability among
samples for the amount of Sr adsorbed/incorporated (Bracco et al., 2019). This implies that
parameters other than concentration, perhaps surface variability, may play a role in ion adsorption.
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Figure 17. Occupancy (Sr2+/AUC) of Sr plotted as a function of concentration of strontium in
solution. The results indicate there is sample to sample variability in the amount of
adsorbed/incorporated strontium (Bracco et al., 2019).
3.4. Effect of Roughness on Pb Sorption
My previous results demonstrated solution conditions can affect the extent of Pb adsorption
and desorption. Here, we measured how roughness affects Pb sorption behavior. The Robinson
roughness and surface domain sizes were compared with the variations in amplitudes to enable
determination whether any trends could be resolved. In general, there are no discernable trends in
Pb coverage as a function of surface domain size (Fig.18). However, the domain sizes reported
here range from 300 – 1000 nm. Measurements on this study were made employing a lateral beam
size of 500 μm, which would correspond to roughly 500 – 1600 steps in measured surface area. .
It is likely this range is not large enough to cause significant variations in sorption behavior. For
reference, a barite growth hillock typically contains at least 4-5 times this step density (Bracco et
al., 2016b).
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Figure 18. Amplitude of Pb as a function of domain size. Amplitude does not change as a
function of domain size.

3.5. Effect of Roughness on Sr Sorption
The Pb results suggest that a more controlled study of roughness is needed. Previous
analyses employed by Bracco et al., 2017 indicate that exposure of barite-(001) to different
solutions can affect the surface morphology and roughness (β). In Bracco et al., 2019, the authors
found the amount of Sr that sorbed to different samples varied from 0.2 to 0.6 Sr/AUC even when
measured in the same solution conditions. It is possible these differences may be due to surface
variability, so here I measured Sr sorption as a function of surface roughness. I collected Sr
sorption data at two different concentrations: 75 µM and 225 µM and after etching and growing
the surface to promote variations in surface sites, such as steps. The surface was etched and grown
with different pH conditions and saturation states. Samples were then re-reacted with [Sr]aq = 225
µM between etching and growth and measured using XR and RAXR. The following sequence of
solutions were used: [Sr]aq = 225 µM, [Sr]aq = 225 µM after etching with pH = 2, [Sr]aq = 225 µM
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after etching with pH = 1, [Sr]aq = 225 µM after growth with SI = 1.1, [Sr]aq = 225 µM after
exposure to 25 µM Pb(NO3)2, and finally [Sr]aq = 225 µM after etching with pH = 0.
Phase analyses (Table 3) as a function of position do not show significant differences after
etching and growth (Fig.19). Phase values are very similar for all measurements, ranging from
0.04 - 0.17. This indicates the Sr sorption mechanism at the surface is not changing and is likely a
distribution of inner-sphere adsorbed and incorporated species. However, amplitude (Table 4)
decreases after exposure to each solution condition as a function of spot on the surface (Fig. 20).
Table 3: Phases for each spot (x is distance from center of sample in millimeters) measured at Q
= 0.27 for the Sr adsorption experiments as function of surface roughness.
x
-2.5
-2
-1.5
-1
-0.5
0
0.5
1
1.5
2
2.5

225 μM Sr
Phase
nan
0.11
0.10
0.10
0.10
0.07
0.07
0.06
0.08
0.07
0.08

2+

std
nan
0.02
0.02
0.02
0.01
0.02
0.01
0.01
0.01
0.01
0.01

225 μM Sr2+
225 μM Sr2+
after pH = 2
after pH = 1
Phase std Phase std
nan
nan
nan
nan
0.10 0.02 0.12 0.02
0.12 0.02 0.12 0.02
0.10 0.02 0.14 0.02
0.11 0.01 0.14 0.02
0.11 0.02 0.13 0.02
0.09 0.01 0.11 0.01
0.09 0.01 0.11 0.02
0.09 0.01 0.10 0.02
0.09 0.01 0.11 0.01
0.09 0.01 0.11 0.01

225 μM Sr2+
225 μM Sr2+
225 μM Sr2+
after SI = 1
after 25 μM
after pH = 0
Phase std Phase std Phase std
nan
nan
nan
nan nan
nan
0.08 0.02 0.17
0.02
0.13 0.03
0.13 0.02 0.14
0.02
0.16 0.02
0.15 0.03 0.09
0.02
0.14 0.03
0.08 0.01 0.10
0.02
0.13 0.02
0.07 0.02 0.08
0.02
0.11 0.01
0.04 0.01 0.09
0.02
0.12 0.02
0.08 0.01 0.08
0.02
0.12 0.02
0.07 0.01 0.30
0.05
0.12 0.02
0.08 0.02 0.08
0.02
0.07 0.02
0.07 0.01 0.05
0.02
0.13 0.03
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Figure 19. Phase measured at Q = 0.27 Å-1 plotted as a function of position on the sample
indicating no significant changes after etching and growth reactions.

Figure 20. Amplitude measured at Q = 0.27 Å-1 plotted as a function of position on the sample
indicating a general decrease in amplitude after etching and growth reactions.

Table 4: Amplitudes for each spot (x is distance from center of sample in millimeters) measured
at Q = 0.27 for the Sr adsorption experiments as function of surface roughness.
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x
-2.5
-2
-1.5
-1
-0.5
0
0.5
1
1.5
2
2.5

225 μM Sr2+
Amplitude
0.2
0.50
0.55
0.46
0.56
0.52
0.52
0.43
0.47
0.46
0.44

std
0.1
0.06
0.06
0.05
0.05
0.05
0.04
0.03
0.03
0.02
0.03

2+

2+

2+

2+

2+

225 μM Sr
225 μM Sr
225 μM Sr
225 μM Sr
225 μM Sr
after pH = 2
after pH = 1
after SI = 1
after 25 μM
after pH = 0
Amplitude std Amplitude std Amplitude std Amplitude std Amplitude std
nan
0.1
0.1
0.58
0.07
0.21
0.05
nan
nan nan
0.51
0.06
0.40
0.05
0.30
0.04
0.35
0.05
0.16 0.03
0.70
0.08
0.48
0.06
0.39
0.05
0.31
0.04
0.36 0.04
0.65
0.08
0.54
0.07
0.21
0.05
0.28
0.04
0.20 0.04
0.84
0.08
0.53
0.06
0.42
0.04
0.37
0.05
0.42 0.05
0.72
0.10
0.51
0.06
0.34
0.04
0.29
0.03
0.31 0.03
0.63
0.06
0.48
0.03
0.34
0.02
0.28
0.03
0.27 0.03
0.57
0.05
0.47
0.06
0.34
0.02
0.33
0.04
0.26 0.03
0.54
0.05
0.44
0.05
0.29
0.02
0.33
0.04
0.21 0.03
0.51
0.04
0.41
0.04
0.34
0.04
0.28
0.03
0.18 0.02
0.51
0.04
0.42
0.04
0.41
0.04
0.22
0.02
0.10 0.02

The most extreme amplitude values also decrease and become more similar as a function
of spot on the sample surface. For example, at [Sr2+] =225 μM [after etching with pH=1], the
largest amplitude

value was AR(Q) ~0.9, while [AR(Q)]~0.4 after etching with pH=0.

Measurements collected at spots 5-6 on the crystal have larger amplitudes, whereas at the edge of
the sample the amplitude decreases in all solution conditions. This suggests that the amount of Sr
sorbing to the surface is decreasing as the sample is repeatedly etched and grown. This may be due
to spill-off of the beam at the edges of the sample, so measurements at spots 1 and 11 were
excluded for further analysis. I also plotted roughness (Table 5, Supporting Information) as a
function of the location on the surface (Fig. 21), and amplitude and phase as a function of
roughness (Fig. 22), however there are no discernable trends with surface roughness. On the other
hand, the magnitude of the roughness variations is quite small (~0.04 – 0.08) (Fig.21).
Table 5: β (Robinson roughness parameter) for each spot (x is distance from center of sample in
millimeters) for the Sr adsorption experiments as function of surface roughness.
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x
-2.5
-2
-1.5
-1
-0.5
0
0.5
1
1.5
2
2.5

225 μM Sr2+
after pH = 2
std
β
0.043 0.009
0.038 0.005
0.00 0.01
0.004 0.006
0.082 0.004
0.060 0.005
0.075 0.006
0.064 0.004
0.048 0.004
0.068 0.004
0.045 0.006

2+

225 μM Sr
after pH = 1
std
β
0.041
0.007
0.024
0.037
0.034
0.030
0.032
0.040
0.044
0.043

0.005
0.008
0.006
0.003
0.004
0.003
0.003
0.003
0.004
0.004

2+
2+
225 μM Sr after
225 μM Sr
2+
after SI = 1
25 μM Pb
std
β
std
β
0.071 0.005
0.000 0.006
0.049 0.006
0.03 0.01
0.058 0.006
0.053 0.008
0.081 0.005
0.03 0.01
0.074 0.006
0.039 0.004
0.063 0.006
0.069 0.004
0.092 0.006
0.037 0.006
0.070 0.004
0.00 0.01
0.044 0.006
0.038 0.007
0.053 0.007
0.038 0.007
0.052 0.005

2+

225 μM Sr
after pH = 0
std
β
0.029 0.005
0.023 0.008
0.026 0.007
0.019 0.004
0.02 0.01
0.038 0.004
0.042 0.004
0.033 0.007
0.00 0.01
0.032 0.009
0.045 0.006

Figure 21. Roughness (Beta) calculated from the CTR fits plotted as a function of position on the
sample.
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Figure 222. (a) Amplitude and (b) phase measured at Q = 0.27 plotted as a function of Robinson
roughness. No discernable changes in phase are observed.
The plot of the amplitude as function of domain size (Table 6) is utilized to analyze how
step spacing responded at the exposure of different solution conditions (Fig. 23). A decrease in the
average domain size was observed with repeated etching and growth. The average domains sizes
are: 1.2 +/- 0.4 μm (75 μM), 1.3 +/- 0.3 μm (225 μM after exposure to pH = 2), 0.9 +/- 0.4 μm
(225 μM after exposure to pH = 1), 1.1 +/- 0.6 μm (225 μM after exposure to SI = 1.1, 0.7 +/- 0.3
μm (225 μM after exposure to Pb = 25 μM), and 0.7 +/- 0.2 μm (225 μM after exposure to pH =
0). There appears to be significant variations in domain size as a function of spot on the surface
however, with domain sizes ranging from 0.35 to 1.84 μm.
Table 6: Domain sizes for each spot measured on the sample for the Sr adsorption experiments
as function of surface roughness.
x
-2.5
-2
-1.5
-1
-0.5
0
0.5

75 μM
Sr2+

225 μM Sr2+
after pH = 2

0.42

1.13

1.62
1.29
1.17

1.53
1.93
1.51
1.31
1.23

225 μM
Sr2+ after
pH = 1

225 μM
Sr2+ after
SI = 1

225 μM Sr2+
after 25 μM Pb 2+

225 μM
Sr2+ after
pH = 0

1.59
1.49
1.04
0.69
0.58
0.55

1.84
1.39
0.74
0.81
2.35
0.87
0.63

1.04
0.69
1.13
0.58
0.61
0.66
0.78

0.57
0.59
0.75
0.60
0.70
0.75
0.75
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1
1.5
2
2.5

1.28
1.68
1.11
0.70

1.16
1.55
0.96
0.95

0.54
0.80
0.65
0.77

0.58
1.36
0.74
0.82

1.03
0.82
0.28

0.67
1.13
1.10
0.35

Figure 23. (a) Amplitude and (b) phase measured at Q = 0.27 plotted as a function of domain
size. Amplitude decreases with decreasing domain size, but no discernable changes in phase are
observable.
Based on the plot of amplitude as a function of domain size (Fig. 23a), the amplitude
appears to decrease as domain size decreases, however there are no discernable trends in phase as
a function of domain size (Figure 23b). My data suggests that as domain size decreases, sorption
and step spacing decreases with exposure to different solutions. A decrease in the domain size
suggests a rougher surface with a higher density of steps, which is against expectations of the
original hypothesis. The hypothesis suggested that increased density of steps would result with an
increase in density of sites for Sr to adsorb to at the surface, thus the extent of sorption would
increase. However, the opposite is observed in this study. Findings suggests that type of sites
controlling the extent of Sr sorption are not necessarily steps on a mineral surfaces, but may instead
be defects on a terrace or kink sites along a step. It is possible the growth and etching process
removed these sites, which would lead to a decrease in reactive sites and sorption of Pb.
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Based on these results, it would be helpful for future experiments to explore the sorption
at surfaces with controlled, regular spaced arrays of steps. Due to the relatively low reactivity of
barite as compared with other sparingly water soluble minerals, it may be more effective to conduct
similar measurements with celestite (SrSO4) and sorbed Pb. Another advantage of celestite over
barite is that the steps present on the celestite surface typically have a greater density that those on
barite (Bracco et al., 2016a, b).
4. Conclusions
In this work, I measured Pb desorption from the barite (001)-water interface and Sr and
Pb sorption to the barite (001)-water interface as a function of surface roughness. For both
datasets I used a combination of synchrotron x-ray reflectivity and resonant anomalous x-ray
reflectivity to measure the surface structure and element specific behavior at the surface. The
results of this work indicate Pb desorption significantly affects the amount and the position of
sorbed species on the barite (001)- water interface. The results also indicate that amount of
incorporated and adsorbed species increased at [Pb]aq ≥ 225 µM, but the amount of sorbed

species decreases when the sample is flushed with barite saturated solution at [Pb]aq = 0 µM. In

addition, the comparison of MI/MD fits indicate that adsorbed species are more likely to desorb
than incorporated Pb species. This suggests that exchange of Pb for surface Ba is relatively fast,
but that the reverse reaction is slower, with a third of the pre-adsorbed lead remaining after
reacting in a lead-free solution for 12 hours. The slow desorption kinetics suggest it may take
longer than 100 hours for the Pb to fully desorb from the surface.
CTR and RAXR measurements were also used to explain the complex behavior of Sr
adsorption to the barite surface. Sr adsorption was measured under the effects of pH and different
saturation levels of strontium and Pb solutions. Spot to spot surface variation were analyzed using
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domain size and roughness parameter beta (β). The Sr sorption was measured under dissolution
and growth reactions using X-ray reflectivity to create or remove reactive sites on the surface.
Under relatively low pH conditions, pH=1 and pH=0, the domain size decreases in lower
amplitudes (AR= 0.2-0.6). I observed an increase in domain size after the sample was first reacted
with [Sr]=225 μM saturated solution then dissolved after by using pH=2. My data analysis suggests
that the order and maybe time of growth and dissolution reactions applied to the sample affects the
domain size of the crystal lattice, therefore the surface roughness. When the barite sample was
reacted with supersaturated solution and flushed with Pb solution after the pH, domain size and
the amplitude decrease. I hypothesize that reactive sites were removed after reacting the sample
with supersaturated and undersaturated solutions. These results emphasize an important role that
defects play in the extent of ion adsorption at mineral surfaces, which can control differences in
sorption measured on minerals in laboratory versus field settings.
The findings from this research project may be relevant for environmental applications such
as sequestration of toxic metals such as Pb. This study shows that insolubility of barite limits the
transportation of toxic ions into the environmental systems. The ability of barite to incorporate
lead and lead to partially irreversible reactions suggest that solid- water interfacial behaviors play
an important role in developing contaminant sequestration strategies. The data from this study may
be utilized to parameterize surface complexation models for crystal growth and other toxic
elements.
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